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L INTRODUCTION AND SUMMARY

This report deseribes work on NINDS Contruct Moo NOT-NS-4-2310 during the period Augus
291996 to November 280 19960 As part of the Newral Prosthesis Program. the broud objectaves
ut the present fundamental sticdies ares Tt evaloate the electrochemucal processes thut oecur al
the electrode-clectrolyie Interluce during pulsimg regiments charactenstic of oocural prosthetic
applications: 23 (o estabhish charze wgectwon nits of stmulation electrode materiuls which avond
irreversible clectrocheinical reactions: 31 1o desetop ann v miethod, which can be apphed m
vive, tor determining the electrochenicad real arcu and stability of microelectrades: 41 1o develop
nuw malerals which can operate ot high stumulation charge depsities Tor mucrostinmulation: and 5)
to provide clectrochemical and analvtival support tor ather research aoivitnes in the Newral

Prosthesis Prograim at NINDS.

Luring ttos reporting pertod. long term stability studies of U, Michigan ribhon-cable probe No, 1.
site |owere comtinued. The apparent capacitance of the unactivutedd site, caleulated from e
current ot 000V s Ae/AoC] In o 200 Vi potential sweep. has been wonitored for over H06 davs
of souking in PBS. An abrupt b modest mcrease e the capacitance trom (03 nF 1o 2.5 0k wos
ohserved at day 21 of the soak test. On dav 217 of the soak test, the electrode was inadvenent]v
allonwed to dry oul. Atier the elecirode was rehydrared. the upparent capacitunce had decreaseil
W g value closer to that observed betore day Y1. There Tas been ne increase n O, similar to
that vhserved at dav 91, for the 189 dovs of soaking since the electrode was rebvdrated at oy
217, This result suggesis thut the merease i O at day ¥1 15 not due to an engoing degradation
prowess at the electrode. This electrode site has cxhiblled good stability in PBS tor well over one

NUr,

The attect ol wetivabion potestial fimats und pulse duratlon on the unitornuty and growth rae of
AIROF hus been eviduaed. Qur studies suggest thal wutoenn activation can be achieved with
poteatial pulse activation provided the dwell time ac cuch potential intic s iong enough Zor the
activehen current 1o reach buckeround Jevel<s Acdwell e ol 10 S0 compared wili the moere

ppicad value of DU« appears ettective in providing unitorm activation of large arca {~0.1 mm™:



electrodes. Cathodic and anodie poteniid Lmats of 007V oand 0895 ¥V ovss AglAapClresuobied inthe

hizhest ARG activation rules in PBS.

Stadies on grwded Ti-Te interfaces for enhancing alhesion and prevennog deluminaton of thin
spattered  Ir flms continued ths guurter, Electrodes with discrete THIr mterlaves, diserene
T allov anterfaces. and graded intertaces were esaluated by activaoon o 0.3 M Nu:HPO,
usine w10 s dwell w potenttal fimits of 00755 Voand 0.795 Vv AglAeC] During the course ol
the acty ation. the electrodes woere characterized by cvelic voltanimety from which charoe sterage
capacity (CSCy wus obtained by intearation of (DS Vs potentiil sseeps hetween the aehivaiien
limmits. Two compositional profiles et produced o marked norcuse e stabiliy swere dentihed.
These compositionai profiles diiowed the clectrodes 1o he activated tor HLOOG pulses o a OO aff
A0-%0 mCiom™ withoun visihle cvidence of AIROF delamination. With 1he sune activation

protocol, diserete mtertace clectrodes Taiked by delunination atter 130U pulses,

2, VOLTAMMLETRIC STUDIES ON Ir MICROELECTRODES

During thix quarter we contmued  studies of the Jong e stability of I sites ona probe with
mtegrated ribbon cable received rom U Michigan. Tigare 201 15 a0 dlagriomimalic represenziadion
of the probe showing the numebering scheme for the electrade sites. The probe has beent under

soitk 10 phosphate bultered saline (FBS) tar 406 days,

— = =B - - - -

Sie Noso | f 2 A 3 1

Floure 201 Diagrammiatie represeatation of sites und site identitication o L Michizan nibbon.
cable prohe.

Measurements of the appuarent capacitance of site 1ot the ribbon-cable-probe Noo | owere

continued. Test procedures and results wre detadled v previous Quarterly Progress Reports tNoxs

3-8y Tahle 2-1 lists the background current ebtuined from the two studies performed this quarter

along wuh the data from the 23 studies coadovied during the prevons Tour guanters, The

T

apparent capactance. Cynal 2000 ¥y plotied e Fag, de owfuncton of unwe, O s



caleubaed by dividing the current ap OV vy AglAoCD by she scan rate, thas C = OV = v,

where v ois the sl rai.

Table 2-1 Current mcasarements o The scan raie studics on site 1ot U Michiean ritthon-cuble
probe Noo o Siwe i

Current at 2000 %y

STuely l)u_\.-.s”

Ny Soukoed inAj
L 0 ETE
2 bt 126
R AN 131
4 s2 134
! S (IR
4] B 124
K i 127
¥ L 264
G UM} 305
10 LS i
11 132 430
12 144 Lt
13 151} 442
14 L st ails
] 164 ARA
16 16d S
17 17 IO
I3 2043 415
14 220 224
20 227 185
21 244 225
a2 244 170
23 2l I®=
24 and 4=
23 0 225
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Froure 2-2° Apparent capacitance of stle T on UL Michigan nbbon-cable probe Noo Lat 2000 Vis
far the 23 scan rare sudies.
We do not have o satistactory explanation for the Increuse in apparent capacitunce hetween days
Yl and 220, The inadvertent drving oul of the clectrode at dav 217 oresumahly caused the
decrease i Cy However, there has been noomerease in Cye simnlar (o thar observed al duy 914
for the 189 davs of souking sioce the electode wus rehvdrated at dav 2170 This result, and the
abruplness of the Incredase ohserved gl dav 910 suggests thal the increase in Cyis mes due eoan
onzeing desradation process ai the cectrode <ite. A comparison of the voltammetric scuns uscd
1 the caleulation of G, at 200 Vis tor days 390 160, and 354 15 shown in Fig. 2 30 The 59 and
A%4 duy scans wre not stenitlcanely ditterent with only o modest merease i current observed tor
the longer seaking e, Thais cdifference moght be due tooan soerease mothe surface area ol Ir
accessible to the electrolvte or the tormution of ridium oxide due to prior electrochencal testny

at cxpunded potential linits. Inoeither cise, sene docrease in e vie either mechunise s

anticipated amd. overalll this site has exhibined a stable electrochenucal response alter more than

one vear of soaking m PES.

For relerence. the integraled ribbon cuble probe used 1z the soak wst s o the Schmidt-tvpe with
rectngubar electrode sites nomumlly 13 iy 38 uni The I deposition wis done with the non-
sel I airgoed process and seme musabgnment between the Ir and underlying bonding pad was nowed
byv The University of Michigan group. One electrode from this batch. characterized by scannimg
clectron nleroscopy ot EIC showed an =008 i msalizniment,. No unwsual electrachenmstey

reliated 1 the muisalienment was observed with thies paricula probe,

'
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Figure 2-3  Voltammetric scans of site 1 on UL Michigan ribbon cable Noo L aller 390 o), and

354 duys of sauking.
30 IRIDIUM ACTIVATION STUDIES
A1 Overview of Activation Studies
In neural prosthesis research, electochermicaully tormesd imdune oside lms TATROF D sre widehy
accepted as o materiul Tor stimulatien electrodes, A goal of this program s o develop o
procedure 1o grow stabie indium exade Ohns that can be charged and discharged reversibly,
Fivo. al current densities between | oand S0 Adem™ of substrate geometric arca, The charoe

requirenient depends on the applicaiion and ranges from 200 uCien™ o ~ 10 mCienr.

Activiled mdiung vxide Glms bave been studied eatensively, Some suggaesthions have been put
forward tw explain the experimental obseevation of oxide swccumulation, althoogh the mechanis
Iy which the AIROE grows and the details ol the charge propugation mechanism are stll uneleuar
FTH2T0A14]. Nevertheless, 1 1s known that thick anodic oxide films can be formed on the surface
ol an aridium electrode inoan agqueons electrolvie by contnuously eveling the clectrode potential

wiIth o rtangular or sguire wavetorm. The potental limits are between salues slightiy posinyve o

*}



hvdrogen evolutier: and jost negative of the vnset of evvger esvolugon, 1o has Deen shown
ALIROF formation i~ influenced by the chenncal coimposition ot the electrolyie: the seometry and
iorphology of the dium el substrate: and, the daration and Torm of actvadion swanal (5 [6]
The clectrelvie campaosition mfluenees the rute of formation as well as oxide morphology through
the pH. the lonic strengib, the conductnaty und the stuctore of the double laver ae 1he

Irrcicetrolyvie interface [7].

During the potemia] or current controlled activation ol Ir. @ non-unifonn current distribution,
poctls at the electrode. The current distiibubzom is i tunction of the finite conductivite of the
electrolyte, the clectrode geometry, ihe porasity of the electrode matena., and the detsils o7 the
activation protocel oo tme, wavetorm. potential Innitsn These taciors impac: the rale of uxikice
tormation. s morphology and the unitormity of the ciectrode coverage. Analvucal sofations Lor
the current distribution at electrodes sl simple geometrios re avallible but the deserniption for
the clectrodes used in neural prostheses, at besi, will be oblainad numerically, Nevertheless, some
prevaling trends for the current disitibution can be gualitatively evaluated rom exi=tng solihons
[8119]. Generallv, current densities are Tower at e kess accessihie pari of the elecirode. The
current density disteibution changes with e during the elecuochenueal tansient Tor the

churgmg process and after o certwin tine. the cwrrent densiy becomes unitorm throcghout the

clegiriade | 10]0 The current density at the edge of an clectrode may vary between inlinity and cere

depending on the angle hetween the sululor and conductor.

The effects of the non-unitorm current distnbution are seen experimentally during pulsed-potential
setivation of e, Thicker AIROF furmis at the periphery of the electrode and may delaminute in
warrow band localized at the electrode cdee csee Figs 4-10 With continued activanion, the region
ol delanmmation progresses trom the periphery o the coenter of the clectrode. More uniform
AIROF can be eblained using pulsed activation wavesorms with longer durations it each portentici
limit or with waseforms that switeh iore eradoadly between the hieats. b the present guarter, the
effects of palse duration and the potential lunits using sguare wave activation ol Irowere

evilited.

Lih



3.2, Experimental Setup for Activation

The clecirolytes used Tor activaton and evaluation of AIRGOE were the foliowing: shosphare
puitered saling (PBS 1008 M ONG-HPO, D202 M NQH-POy and 9012 M NoCLat pH 720 and 0.3
MNHPO at pH 901 The electrochenueal cell was asscmbled moa 25 il vial with o Kel Foeell
i The cell was eguipped with o gas bubbler and s (203 e dimneter Prwire counterelectrode.
The Prowire extended about 3w -1 cmicto the electoivie to alve an approxiate srea o 003 om

A A I3

AgChHeCE (36 KCL reference elecirode i Microclectrodes Ine, Nos M- 300 senated

o the main campariiment by oo sall bodee, wos used lor potential measurements. The porential

of the reference electrode o5 0190 ¥ v the noemal bvdropen elecirode 0NHIE D and 00045 W vy

“he saturated calomel electrode (SCE

Two ridiun electrodes were tsed for this portion of the activation stwudy: @) an cadiom disk
i Bioanivtical Svatems Inch with nonanal dimeter of 127w and clecuochemical surtuee area
(ESATOf 14 % L0 an’. and b an indwm disk fabncated at EIC by casting | mm diameter wire
in Fpon resin $28 (ESA. 789 5 10 el The electrochemival surfuce area ol the electrodes was
determined using muolt-frequency vvelic voltamumetile and chroneamperometne measurenents of
e diftusion controlled reducuon of the ruthenuny hesaummme dons [T Initialive between
activation studies, the electrades were polished mechanically o w nioror timash usinge B o
diamond paste. Subseguently, it wis observed that this provedure caused o slight increase in ESA
with cuch polishinye . prohubily due w reandime at the cdoe of e Trowires Therelare, bevween cuch
sel ol AIROE activation experiments, the electrodes were polished on o telt pad using no abrasive
and only water as o lubrcant. This procedure was eflfective in removing AIROE from the
cleciodes and produced Te surtuces with similar soltwmmerric responses pret o cach activation

CHPTUTICL

The elecrochemmeal instrumentation used was ao Amel 557 potenticostal modulaed by a PAR 175
Lngversal Programmer,  or current measurements below the ninun sensitivity level of the
Amel 331 polentiostat, ¢ BAS Model PA 1T currene amplifier was cmploved,  Transients were
recorded with o Buscom-Turner 5120 microprocesser controlled recorder and stored on Noppy

disks Tor analysis he  electrochermeal cell wias side o Paradus cage wuree all the



clectrocienngal sneusurerments. The cell wus assembled wund the solutions were deoxs genated

wiltra flow of aroen betore any clectrochemical measurements wore made,

The vside tilms were formed on the andionn elecmodes by applying conseeutive sets ol M sguire
wave patenial pulses between fixed cathedic and anodic i, Afer cach set of 30 pulses. cyelic
vollumimaerrs were acguired db scan rates of G055 and .10 Vis between potennal hnas o 006
Vound 08 ¥V vs AnlAgCh The unodic and cathodie charge storage capacities ol the AIROE wore
determimed by mtegraung the vudation and reduction currents. respectiveby . duning acquisition of
the voluanmogramia. The unactivaied Ir metad buckground was sublracted from the AIROE OV
helore integrution, Activation pudse widths o 4.5 <10 10 s were evalened with vanoes anodic
and cathedic poetential Innits anging between -035% o -k Vo oand O3 e LOS VL respectively.
The polential wavetorny s shown schemancally in b 3-10 Frgure 3-2 illustrates a typeal CV
response of dinnn activated with o square-was e potential between s of -0.60° Y and +0 80

Vowith a pulse width of s,
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Fleure 3-2 Cyelic voltammogram of 4 BAS Ir microelectrode at 005 Visee in PBS. The
electirode wis activated 1 PBS for TS0 pulses between (00 W and 0.8V ata pulse
width of [ s, The cathodic and anodie charge storage capactty are 43 9 and 436

e, respectively.
3.3, Etfect of Pulse Width on Activation

Frgure A-3 ilustrates the rate ot Ir activation as o tunebon o pelse minober and pulse widih [or the
BAS Ir electrode wctivated in QU1 PRY. Data tor pulse widths of 0.5, 205 and 10 seconds are
shown As espected the longer pulse duranons resulied o higher charge cupacities. More
impaoriantly, tor the Tongest pulses, the groath of axnde per evele s constant at O30 mCaom.-
pulse as showen b the least squares 1t of cathodic charge storage capucity 1o aclivation puisc
nunther m Bz 3 40 A vabue 07 0208 inCler was deduced by Wouads [3] for the maximum CSC
ol AIROP produced in one activation evele assuming 1 e v involved in the AIROE reduction-
oxidation process. The model proposed by Plekup and Birss 1s consistent with this value and sels
a4 Lt on the activation rate o maximuis of half o monolayver per cvele [4]0 0 Sinee one
monolgyer i equivalent (o =033 mChonr of AIROQF tfor 4 1 ¢ reactionl, 13 activation pulses are
reygaired to convert one nuonolayer of ihe T metal subsirate 1o AIROE with 06408 Vo

AglAgCl pulses in PBS. In additon. o vonstant rate oF oxade growth uaples unifornt AIROF

s
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of (130205 and O < between lmils of 006 and 008 V ovs AalAeCL The arrows
rdicate points i the 10 s data tor which subsequent activation linuts were changed
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Fraure 3-4 Cathodic CSC of AIROF activated at a pulse width of 1 s i PBS betwcen imits o7
06V and UKV oes AgiApCl

34 Influence of Activation Potential Limits On Charge Capacity

Because of the lincarity in grosa th obtained with the 10 s pulse width und the presumed anifermity
ol the AIROE, this pulse width was chosen tor subseguent studies on the effect ol activition
potentat imits. The effect of the anodic potential T, as it relates to charge capacity., wis
determined by upplyving conseeutive sets of 30 petential puilses between o negative linit of <116 ¥
and various positive potentials ranging rom 40V 10 #1005 ¥ vso AplAapCl Atter cach sek,
cvelic voltammograns were acguived at scan rates 05 and 010 VY5 using o polenual window ol
(L35 % o #0075 V0 Acuvation at cachy ungue set of It was currted ol B 430 pulses. On
campletion of the scivaton, cvelic valtwmmegrams were acylliced at scan razes of D003, 0,05,
0,10 and DA VAL Figare 3-5 showes the avelic voltammaograms of AIROE activated between -0 6
Vound sefected wnodic limits, The chirge capuoly arwer 4530 pulses s shownoan Big 3-6 as g
function of the anadic e The capucity shows o steady increasc up o s potential of (RYAV uhcr

which there 1w i marked decreuse,

)



" AIROF
2+ 0.05 V/sn PBS / -
. ‘,r' \

iy
-

Current Density, mA/cm?
L o

1
P

e —— -

1

06 04 02 00 02 04 06 08
Potential, V vs. Ag/AgCl

Fioure 3-3  Cyelie voltummogrums of AIROE activaled for 450 pulses between -0.6 v oand the
anodic limits indicated. Voilwmmograms acquired wt (05 Vis in PBS.
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Figure 3-6 Charge capacity of AIROF as o tunction of anodice potennial ki atter activation for
430 pulses with o cathodic amm ot 416V Churge capacitios caleulates trom
voltantnograms acguired at .05 Vis between Jmals ol -033 Vo ound #0175 V.
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The atfect of cuthadie potental limit on AIROE setovation wus evaluated by holding the anodic
potenidal at HL20Y while vanying the cathodie potential bertween limits of -0035 W ouod -k v,
Figure 3-7 shows the cyclic voltwnmetry tor sclected cathodie Timmts while Figo 38 shows (e
chirge capacity as o lunction of cathodic limi obtained from integration of the voltammosranis.
The charge capaciiy inergases us the lomts made more negatve until o value of (0.7 Vs reachea.
AL -IL75 W the capacity deereases. There s o Tarther increase 01 capaclty when the cathodie o
iopushed furher negative o 0080 W but the OSC s soll Tess than thutl obtained by activation a
SRV A aamlar Jdip i the AIROE growih rate as o funciion of cathodie potential B wos
observed proviously by Pickup and Boss [ 12] who altribule the eltect to o transitien i local pH
from acidie o alkalime as the cuthodie Timie s made more negative. 1 nusual oxidation peaks
hetween (L5-0.00V are also apparent Inothe -0.8 V. AIROP vollwnmeogram. We sospeet the
axidanon peaks are related to reduction of dibasic sodiam phosphate (NaH-POS which appears
to hive an onsel at approdisaiely 075 Vo ovss AglAaeCl o We have observed reduction of
NaHAPCH an ridium, platinum and gold electrades. This phenomenon is beine investgatel

turther
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Fioure 3 7 Cyvelic vaitaminwegrams of ATROF wetvated for 330 pulses between 08 ¥ oand the
f . I i
cathoedie lunits indicated. Volammuograms acquired at .05 Vs o PBS.
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Fieure 3-8 Churge capucity of AIRCGE ss @ funcuon of cuthodie potential Limit after activation
for 130 pulses with win unodic Tinit ot 0.8 V. Charge capaities calculated fron:
valtanmmuograns acquired an Q.05 ¥y between s ot 05V oand +HL75 W

A5 AIROYF Activation at Minimuim and Maximum Growth Limits

Fronu the previous datu il is apparent that AIROE does not grow at anodic potential Gmits ot (1.4
Vour less when the cathodic fimit is beld at 0.6 Voo Likewise, the oxide does net grose I the
cathodic potenial Lot is -0.35 ¥ tor more positive), when the anodic limitis held e 080 V. The
maxinune AIROE growth rale is expected tor an unodic activaoon Limit of 093 and a cathodic

lomit ol -0.7 V.

I the following series of expenments, the combination ol “minin oxide growth” condinons, J
potential window between -0.45 and +083V 0 s compareid 1o our stundard wctivanon winduw
i GO0 o ~(LEOV L as well as The combmation of “masiinom oxide growth”™ condiiions, o potential
activation windoew between =070 and +0.493Y . Addinonally, windows shightly wider thun the
it and nlaxinm cordinions were tested. Again, activation was carned oul by applving
consecntive sets o 30 sguare-wive potential pulses witlt o pulse width of 1000 After cach set of
A0 nulses. wyveliv voltammwograms were acquired al s rates 005 and O 1 Visusing w -0035 Vo

LT3 v piental window. L pon completon of 10O, 350 wnd 1150 pulses, addinonal Vs were




taker at scan rates 0005 and 050 Vs und unpedance specttoscopy was performed. Flaore 3-9
shows the background corrected cyvelic voltummaograms after 150 pulses for cuch ol the four
exporimcnts discussed and for the standard condilions.
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Figure 3-89 Cwvelico voltanunograns of ATROF avtivaed with [1200 O s pulses between the
peteniiol Tunits mdhcate . The voltamimusgranms were acguired in PRS ol (003 Vs,

As shoewn o Figore 3100 the duta Yor cathodic charge capacity produced  under “romimmy™
activation conditions show littde increase with inereasing pulse number. indicating no signiticant
iridignt oxide growth. Uponnereasing the “nananuin” achivalion window by 001V oat the anodie
Lot =035 1o 0063 Voo the data show o slight incecase in capucity. The “masiiuny™ aetivaian
window data show sigmiicant]y more capacity, a8 owell as g higher rate of oxide accumulation,
than thut shonen by the standard wetvation window . The charee capacity of the ATROF gotivined
with s of  GFAL9S aud U100 increased nearly over the ficst 430 pulses to a charge
capacity of ~30 mCicm™. The activation rate in the linear segion s 0011 wiCien plse. compared

with 0026 mCient nulse observed Tor the U608V Tunns. lnereasing the “maxnam”™ windaw




Py 005V G the anodic mit Jid oot preduce AIROE wilh additonad capacity, The anodic charoe

cupacity mminmes the behaoor of the cathiodie daac and s oot shown,

20 - e
e r"'

ey 30 -
E ' 5
L oag- —— 04bcon Vv
3 . — — -0451¢ .65 e
E 7g- —m 061006 sl
- - —— 07160095 sl
ol - —— 07 -
5 80 ] — 0710 ) .;‘)’
- : /’
o 50 - e 4
O - T
m 40 - /./’" .—-
O) ) ey -
T 30 - \,;r’* .,ll‘l.l
) {;' .-.
O . ' ol
=
D
O
=
©
)

10 - L R
0 A wvesessenss sesse®
0 500 400 €00 800 1000 1200

Number of Pulses
Fioure 3-10 Cathodle charge capacity s function of pulse mumber ol AIROE activated by [0«
pulses at the patential Tomuits indweated.

3.6. Influence OF Electrolyie on kr Activation an AIRO]Y Voliammetry

Previous work at EIC Laboratories shiowed that actovanon ol Iroan 003 M NG HPOy (pli-9.1
privduced AIROF capuble of higher charge mjection during biphusie stimwlanon polses than
ATROF actrvated in PBS ipH-7. 20 This work was imited (o an evaluation ot a few activation
protocols moeach electrolvie and was nat coniprebensive enough to clearly Wdentily one or tae
ather electrolyie as bemng prelerable. A compuarison of wetivation rate 10003 M NW-HPO, and PRS
kas hecnr mude using polential pulse activation between RO Y and 08 Vo PBS and -007 ¥ 1o
07 Vo 0.3 M Nu HPO, with pulse wadths of 10 s Floores 3-11 and 3-12 show the increase m
anadic and cathodic charge capacity, respectively, over an TESD pulse activation in cach

elecrolvie.

20
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Fioure 3-12 Comparison of te catbodic vharge capacny ol AIROE activated in PBS und 0.3 M
NaztPO,.



The rate of AIROE growth s comparable in PBS and 0.3 M No-HPO, after 2500 100 < pulses,
corresponding 1o charge capacity ol ~i6 o e, With additional pulsing. the srowth rate in
PBS is margmally greater. Comparison ol (he cyene voltummograms ol the AIROF in ¢ach
clecirolyte, shown i Fig 3 13, seveals less separation ot the primany redoction and oxadation

waves of the 17 fle'” couple in PBS which is anclicative of the higher butlering capacity of tha

ciectrolyte. The potential displaceinent s due W the differency in pH ot the electrolyvies,

4~ AIROF
.. T 0.3 M Na PO,
e - — PBS N
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Figure 3-13  Camparison of cyelic voltanumoyrains of ATROE setvated Tor LEML G0 s pulses in
PBS amd 0.3 M Nu-HPO,,

The efTect of bufler concentration on ATROE evelic voltanimelry is shownin Fig. 3-14. The NaCl
cuncentration in cach burfer wus muintained al 7,36 ¢/ while the usoal buttfer concentration of

2
[

3196 o/ Nall:POLH.G  (monobasic  sediven phosphate monobydrate; and - 3364
Nu PO TH-AO idibasic sudium phosphate heptahydrater was inerementaliy decreased  while
keeping the ratio of monobasic to dibasic salt constant. Redocing the butter concentration to 172
results ina very shght decrease in thie peak clirrent on the anodic waves and a more pronouneed
decrease in current amd o potental shift of 30 mVom the neganve direction on the primary

reduction wave. As the butfer concentranon iy decreased turther. the pritnary reducton wave




reduced o magaliude and sigailicanily broadened. The anedic wases at 028 and 053 0V v
SCLy are shifed slightly 1o more posilive potentids with ane =209 reduction i the peas current,
Sinulurly, the tiest reduction wave at 9.3 % s shifted shiphtly nesatnee with o small decrease m
peak current. Reducing 1he buiter concentration to 18 1the il value aupacts the magor [r7 e
reduction wave guite signifeantly. while having only o minor etect on the othor waves, Tan the
absence of dbulter, the Laniliar shape of the AIROF OV s completely lost and two widely spaeed
redon waves appear al -003 Voand 005 'V oees, SCL The charge weallable within the poteotial
limits of the ©V decreases with decreasing butfer concentration tron 19 mCiom™ an full bufter 1o
12 mCreny wath ne bufter. Cyeling the AIROE 16 nonbuttered electrelvie appears to have linle
rerinanent effect on the ihns as shown by the ahoost dentcal betore and alter CVs o fully
tutlered PBS. The comparison ol the ATROF CV 5 i 0.3 M No HPO, ael PHS i ibig. 3 13 also

shows u mare prenounced shitt in the potential of the primary reduction wase compurcd with the

eadidution wave In the dibasic phosphate electrolyvie relative i that ooserved in PBS.

Cyehic voltanuerry of AIROE 0o physiological electrolvie hased on curbonate and phosphate
butters (37 mM NaCL 29 mM NaHCO L 17 M Na HPOS and 007 M Nat:POy purged with
A COete 088 N aus mixwure w phl 7040 s comparea with that of PBS i Fro, 3-15 0 Tac
CBS/PBS clectrolvie has o bufler compostion simlar o that fownd inoimterstinal Neie The
respimse 1 the CBS/PBS uppeurs inermediate between the 1A8 PBS und the no-butter OV
shown in Fig, 3-14. There is a significant overvoliage Tor the prmane 1r7700 redox reaction with
the muxing m ihe reducnion aod oxrdauon waves shifted to 0015 ¥ oand 035 ¥ ivs SCEL
respechively, compared with LV and 000V ovs SCLfor the same AIRGE in PBS. There was
corespondmg decline in charee capacity at 005 V4 from 18,9 mClem” in PBS to 1.2 mC/eny in

CBS/PBS.
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3.7, Ihscassion of Activation Resuabts

Studies o Ir activation mdivine thial oxde gresthc ocears ab worate that s alwavs less tan che
oxidation of one monolaver of Tr metal wiad tha ovehie oxidanon and reduction s required 1o grow
a Ol thicker thun one menolayer. [ 12131 With these constraints. potential pulsing wil result in
unitorm oxide growth ot the pulse width i solficiently long thar the oxidation und reducoon
currents base decaved 1o backaround fevels nefore the next pulsc iy imittated Tor the cureulio
clectrodes used i the prescnt study . the oxide formation muast follow the nomanitornnly inipose:d
by the primary current distribution. Therefore, omde 1y formed ut the exterior of the electrode and
moves wwards the center. 10 sutficient tnw at the potentia lmits s allowed. the oxide Torzylion
reactions reaches completion at the center amd unifornn activation s achieved. The completion of
the reaction shoold coineide with o decay in the carrent (o the background level which can he

convenicatly monitored with an oscilloscope.

The most s orahle conditions o the elficien and amiform scovanon of andnon metal o 0016
PBS arc thus far: potential pulse with o 10 second half-wave duration hetween the potential s,
.7t and =095 volts v the referenee elecorade. The data en Iy actnation protocols presentec
for this gquarter address activation rates and do not provide inforntion abour which protocols
mizhl produce AIROE with higher churge imection capucities. During the course of the activation
study AC impedamee dutu were collected tor activation with ditterent potential limits in PBS (nd
for activabion in 3 M NGHPO L The impedancg data are being anulvzed moan effort o quanuty

the fransport propertics of the AIROEF as a bisis Tor optiinzang charge mjectuon.

4. ELECTRODES WITH GRADED Ti-Tr INTERFACES
In ihe previows guuarter we descrihed work on thin-tibn. T Ir elecirodes deposited with diserere
and compasitionally wruded mtertaces. In QPR Noo 8. che behavior of varous Tilr alloss,
prepared oy cosputtering, was ovaluated by ovelic voltummerry during pulse activation and
scaniing electron nueroscaps. Brictlv, [O0% I allovs activate e o cathodie cnurge storagy
capucity (CSCr of =18 mCieny wler 3000 pulses o did the 72 % 1e alloy. For lower Ir

concentritlins, the CSC decreased, with ool sery shignt activation apparent atter 3000 pulses




the 35375 Tr alley and no activation o the 28% Ir allov, Tntermediate levels of activalion were
chrained with the 453% and 567 ailovs. These dita were wsed as o basis tor desioning Tilr films

with scoraded e rtuces.

4.t. Preparation of Compositionally Graded Ti-Ir Films

The T and [r are deposited by DO sputiening usimg @ msltitarget apparatus that adlows near-
simuflanecus sputtering from ndependentdy controliuble sputtering suns. “The apparaias wis
deseribed in QPR No. 700 Alloy Blos are chined by cospailening Trom pare Ir and T warseis.
The composition of the Bhins 1w conrolicd by adjusting the power 1o the spultering guns and
rolaing the sabsirales ander the targets ot wosathicoends lugh rae that o faosogeneous B s
lormed. Compositonalby eraded T-Ie interfaces are obtalned oy inerementing wnd decrementing
he power o the individual sputier guas durmg deposinon whide twaintinmng @ constant lolal

sputlering current ar power. Detatds of the deposition conditons are provided in QPR Moo &,

4.2, Activation of Tilr Alloys

Contpositionally graded clectrodes with an ared of ~001-0.02 e were made by masking an
approximately circulur area of the spultered Glis with epoxy. A guantitatve measure ol the area
wis then oblained using o digital camera with maee analysis sottware. The elecirodes wene
activated i 0.2 M NoHPGy ipH 2 1 or PBS ipH 7.2 using o potential pulse wavelorm with a

L s dweell at each potenial Tiomt, In pres wus studies of the graded mterfuce ciectrodes, an 0.3

o

twell had been used for activation. The short dweli time led o secelerated delaminatoen of the
AIROE dt the edges of the electrode due 1o the nononiform curmrent distribation as <hows i Fig,
400 A T0 S dwell was choasen tor sininuge nonumitorm aetivation ds desenbed in Sectiom 3.4
Cvelic voltummoegrams were tuken periodically throughout the sctvation and the charege storage

cupicily caleulated by integruting the cathodic o anodic current dunng an (.05 Vi sweep

between the activation patential s,



Freure J-1. Twvpical delumination of
ALROF around The pernmeter of o
1O 1 discrete-intertace clecirode,
prlse activaled 0.2 M Na:HPO.
hetween fimits of -0.755 W oand (0.7Ys
Vovs AglAagClhwith an .5 5 dwell w
cach limit,

4.3, Activation of Graded Interface Electrodes

The results of the acovation study o erwded intertace electades are preseated as compaosite
fiures that show the composthional profile of the electrode. periodic evche s oltammaogranes, and
the cathodic CSC dx a funcaon of pulse number, The results Tor a diserete imterface clecwrode with
a 30 nm thick film ot TOO% L on w 30 pmm thick 17 adhesion layver activated in 0.3 M Na-HPO, arc
shown in Fig. 42 The electeonde activated 1o 0 CSC of 60 mCfem™ over 1600 pulses and then

abruptly delamimmated from the substrate. The delammated AIROE had aodry thickness of 300 nm

as mieusured by scanning clectron microscops (R 4 30 meicating al least g Gctor of & merease i
fim thickness as rois converted o AIROE. Somce regions ol ihe AROF ulso snowede o lannoar

growth inorphology and blistering ifig -4y

Acsimilir resull was obtaned Tor o 7008 be300% T electrode with a diserete interfuce s ~shown m
Frg 4 50 After activation to 32 mCien in 1LOU pulses. the AIROL deluminated,  Initial scanning
clectron microseapy of the delaninated AIROF ndicuted a sindar volume expanston in the 7t
Irallesw s the 1009 T A OO Ir/40% T eleclrode with a discrete interlace, however, did not
delaminate alter detivition o 42 mCzem™ m 1000 pulses 1Figs 4-610 At this pomt the activanion
wits stoppesd. These clecirodes are now being eximined (nmore detad] by scanning clectron
microscopy inan etfort w identity the AIROF thickness and. for the 704 Ir ¢lectrode. detenuine

voigther delamination oceurred al the VT alloy interiace or within the actnvred filin,



The results for two graded intertuce electrodes wre shown in Figs, 427 and 4 8.0 The electrode
shiown in Fig -7 was compesitionaly graced over S0 nm and capped with 1O nm o pure e The
electrode activated o g mwsaimoun CSC ot =70 mcCiem alter F000 scivation pulses. A dechne in
CSC was observed with contmnued pulsmg, decreasing to 30 mOdem: at TGO pulses, There was
ner visible evidence of AIROE delamination although the decling in CSC mdicistes some fuss ot
AIROL either :brough localized delammation or dissolution.  An interesting teature of the
activation behuvior is the increase in CSC observed after the electrodes were allowed Lo rest
guiescently m the clecirolyte. typically vvernight. The open cireles inthe CSC dato m b 47
show the CSC after the rest pertod. A dilterence in the CSC measured inumediaely atter pulsing
and alter o period of guicscence becanies upparent after the CSC exceeds ~60 mfem or is anber
not increasing or 15 slightly decreusing with pulsing. One excephion was abserved with the 70% Ir

diserete intertuce clectrode where o ditference was observed st a CSC of 32 mCiony nmmiediiately

betore the ATROE deluminated, The elecirode showit i Fig 4-3 was compositionally graded over
%3 nrnand capped with 20 ol pure Ire This electrode activated o a CSC af R0-9{) i fem
after 4,000 pulses und remained ~stable o 1GO00 palses ac which point the activation wis

stoppal.

5. FUTLRE WORK

The cvaluation of whvation protocols will continue o the nexs quarter. Analvsis ol the
impedance daty acguired during the course of the activation study will be used to exumnine the
atfect of activation conditions oo churge transport in an etfort (o estabhsh protocels that opnimize
charge injection capucity. We anticipate invesigating the atfect of other activation parameters,
such as charee storage capacity o thickness, on chiree injection and utilivation of AIROF. The
cvalualion ot composttionally  graded nerfaces will conanue with an evaluation of charge
mjection limits ol electraodes activated using the opinnuni protocols established tront the

ITLpedanee sy
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